AMP-activated protein kinase (AMPK) is a sensor of energy status that maintains cellular energy homeostasis. It arose very early during eukaryotic evolution, and its ancestral role may have been in the response to starvation. Recent work shows that the kinase is activated by increases not only in AMP, but also in ADP. Although best known for its effects on metabolism, AMPK has many other functions, including regulation of mitochondrial biogenesis and disposal, autophagy, cell polarity, and cell growth and proliferation. Both tumor cells and viruses establish mechanisms to down-regulate AMPK, allowing them to escape its restraining influences on growth.
AMP-activated protein kinase (AMPK) is a sensor of energy status that maintains cellular energy homeostasis. It arose very early during eukaryotic evolution, and its ancestral role may have been in the response to starvation. Recent work shows that the kinase is activated by increases not only in AMP, but also in ADP. Although best known for its effects on metabolism, AMPK has many other functions, including regulation of mitochondrial biogenesis and disposal, autophagy, cell polarity, and cell growth and proliferation. Both tumor cells and viruses establish mechanisms to down-regulate AMPK, allowing them to escape its restraining influences on growth.
Living cells use ATP and ADP in a manner similar to the chemicals in a rechargeable battery. Most cellular processes require energy and are driven (directly or indirectly) by the hydrolysis of ATP to ADP and phosphate (or, less frequently, to AMP and pyrophosphate), thus ''flattening the battery.'' In heterotrophic organisms, the battery is recharged by catabolism; i.e., the oxidation of reduced carbon compounds of organic origin, such as glucose. In most cells (especially quiescent cells), oxidation of glucose usually proceeds completely to carbon dioxide via the process of oxidative phosphorylation. Under these conditions, most ATP synthesis occurs at the inner mitochondrial membrane, ATP being generated when protons pumped out via the respiratory chain flow back across the membrane via channels in complex V (the ATP synthase). It has been argued that the endosymbiotic acquisition of aerobic bacteria to form mitochondria was the crucial event in the development of the eukaryotes (Lane and Martin 2010) . The large increase in surface area of membrane available for proton transfer (in the form of the inner mitochondrial membrane) allowed a large increase in capacity to generate ATP, which may in turn have allowed the dramatic increase in complexity displayed by eukaryotic cells and organisms. When mitochondria became the main cellular power source, one additional event required was the development of systems that sense energy status in the cytoplasm and then signal this information back to modulate mitochondrial function. Interestingly, AMP-activated protein kinase (AMPK, the subject of this review) fulfills this role and appears to be almost universal in eukaryotes. One interesting exception is Encephalitozoon cuniculi, a eukaryote with a strippeddown genome that appears to have lost not only its mitochondria, but also AMPK (Miranda-Saavedra et al. 2007 ). However, as it is an obligate intracellular parasite, the host cell would provide both of these missing functions.
The obvious way to achieve energy sensing would be to have proteins that monitor the cellular ratio of ATP:ADP. However, because of the very active adenylate kinases in all eukaryotic cells, which catalyze the interconversion of adenine nucleotides (2ADP 4 ATP + AMP), the AMP:ATP ratio tends to change in concert with, and to an even greater extent than, the ADP:ATP ratio (Hardie and Hawley 2001) . Thus, ratios of AMP:ATP could be monitored instead of (or in addition to) ADP:ATP, although a potential problem with this is that the concentration of AMP is usually one or two orders of magnitude lower than those of ADP and ATP (Hardie et al. 2011 ). There are indeed metabolic enzymes that sense cellular AMP:ATP ratios, including (1) glycogen phosphorylase and 6-phosphofructo-1-kinase in muscle, which are activated by increasing AMP:ATP, switching on two catabolic pathways (i.e., glycogenolysis and glycolysis), and (2) fructose-1,6-bisphosphatase in the liver, which is inhibited by increasing AMP:ATP, switching off an anabolic pathway, gluconeogenesis. Most other processes that are sensitive to cellular energy appear to be modulated indirectly via the AMPK system. As is discussed further below, it has recently become clear that AMPK is regulated by not only AMP and ATP, but also ADP, while it also plays a key role in maintaining the capacity of the cell for oxidative metabolism by promoting not only the production of new mitochondria, but also the disposal of dysfunctional mitochondria.
Role of AMPK orthologs in nonmammalian eukaryotes
Orthologs of AMPK are found in all eukaryotes for which genomes sequences have been completed, with the exception of the parasite E. cuniculi, as mentioned above. They appear to exist universally as heterotrimeric complexes comprising catalytic a subunits and regulatory b and g subunits. In budding yeast (Saccharomyces cerevisiae), genes encoding the a and g subunits (now known as SNF1 and SNF4) were isolated via mutations that caused failure to grow on carbon sources other than glucose, including alternative fermentable sugars such as sucrose and nonfermentable carbon sources such as glycerol or ethanol (Ciriacy 1977; Zimmermann et al. 1977; Carlson et al. 1981) . Three alternate b subunits (Sip1, Sip2, and Gal83) were discovered later as proteins that interacted with Snf1, and knocking out all three gives the same phenotype as knocking out SNF1 or SNF4 (Schmidt and McCartney 2000) .
The standard laboratory growth medium for yeast contains 2% glucose, and in this very high glucose concentration, yeast cells proliferate rapidly using fermentation (i.e., glycolysis, producing ethanol) to make ATP. This is the equivalent of the Warburg effect seen in rapidly proliferating mammalian cells (although the latter generate lactate rather than ethanol). One reason for the high glycolytic rate in rapidly proliferating cells is that the TCA cycle ceases to be a purely catabolic pathway and becomes at least partially anabolic, providing precursors for biosynthesis, especially citrate for lipid synthesis (Vander Heiden et al. 2009 ). As glucose in the medium runs out, however, this cannot be sustained and growth slows (a phenomenon known in yeast as the diauxic shift), and the cells switch back to the use of oxidative phosphorylation to generate ATP, which is a much more efficient process in terms of ATP generated per mole of glucose. Intriguingly, a functional SNF1 complex is required for this shift, including the switch to oxidative metabolism (Hedbacker and Carlson 2008) . This suggests that an ancestral function of AMPK was to restrain growth and trigger a switch back to oxidative metabolism in response to deprivation for the preferred carbon source, glucose. When glucose runs low, snf1-null mutants behave as though they are unaware that they are starving, continuing rapid growth and fermentation and rapidly becoming nonviable. Other phenotypes of these mutants are that they do not undergo pseudohyphal growth, meiosis, and sporulation if they are diploid or invasive growth if they are haploid (Honigberg and Lee 1998; Cullen and Sprague 2000; Kuchin et al. 2002) , all of which are normal responses to glucose starvation.
Consistent with an ancestral role in the response to starvation, AMPK orthologs are also required for responses to nutrient deprivation in the nematode worm Caenorhabditis elegans. Exposure of young worms to a period of starvation or other stress (heat shock or exposure to the metabolic poison azide) causes an increase in AMP:ATP ratio and an extension of subsequent life span, and the latter effect requires one of the two catalytic subunit isoforms of AMPK (AAK-2) (Apfeld et al. 2004 ). The germ cells are the only cells in C. elegans that do not undergo a precisely defined number of divisions; germ cell production normally arrests on dietary restriction, but this fails to occur in aak-2 mutants (Narbonne and Roy 2006) . AAK-2 is also required for life span extension in response to treatment with resveratrol (an AMPK activator that is discussed further below) and to some but not all protocols of dietary restriction (Greer et al. 2007; Greer and Brunet 2009) .
Also consistent with an ancestral role in the response to starvation are the phenotypes of plants lacking AMPK orthologs. In plants, darkness is equivalent to a period of fasting or starvation in an animal. In the moss Physcomitrella patens, plants lacking the two genes encoding catalytic subunit orthologs of AMPK are viable if grown under constant illumination, but fail to grow in more physiological, alternate light:dark cycles (Thelander et al. 2004 ). In the higher plant Arabidopsis thaliana, overexpression of the catalytic subunit causes resistance to the effects of carbohydrate starvation in cells maintained under low light levels, whereas down-regulation of the catalytic subunits results in stunted growth of plants associated with a failure to execute the normal switch in gene expression, and in the mobilization of stored starch, which occurs during a dark period (Baena-Gonzalez et al. 2007 ).
Mammalian AMPK-structure and regulation by adenine nucleotides
In mammals, there are seven genes encoding AMPK; i.e., two isoforms of a (a1 and a2), two of b, (b1 and b2), and three of g (g1, g2, and g3). Although there may be some preferred combinations, all 12 heterotrimeric combinations can be formed by coexpressing a, b, and g subunits in bacteria or mammalian cells. The individual subunits are generally unstable in the absence of their binding partners; this can be a useful feature because when any one subunit is overexpressed, it acts as a dominant mutant, replacing the endogenously expressed subunit by competing for binding to the other two (Mu et al. 2001; Hawley et al. 2010) .
The a subunits contain a typical serine/threonine kinase domain at the N terminus; as for many protein kinases, these only have significant activity when phosphorylated by upstream kinases (described below) at a conserved threonine residue within the activation loop (Thr 172 in human a1) Stein et al. 2000) . The g subunits contain the regulatory adenine nucleotide-binding sites and are composed of four tandem repeats of a sequence known as a CBS motif. These assemble in a pseudosymmetrical manner, such that there are four clefts where adenine nucleotides might bind (Scott et al. 2004; Xiao et al. 2007 Xiao et al. , 2011 . One (site 4) appears to bind AMP very tightly, such that it does not exchange with ADP or ATP: Binding at this site may have a structural role. Two other sites within the mammalian complex (sites 1 and 3) competitively bind AMP, ADP, and ATP, and are the sites via which cellular energy status is sensed. The fourth (site 2) appears to be always unoccupied. The b subunits contain C-terminal domains that form the conserved core of the abg complex in both fungi and mammals, linking the C-terminal domain of the a subunit to the N-terminal region of the g subunit (Amodeo et al. 2007; Townley and Shapiro 2007; Xiao et al. 2007 ). Most b subunits also contain carbohydrate-binding modules (CBMs), noncatalytic domains also found in enzymes (in both prokaryotes and eukaryotes) that metabolize starch and glycogen (Machovic and Janecek 2006) . The CBMs cause mammalian AMPK to bind to glycogen in intact cells (Hudson et al. 2003; Polekhina et al. 2003 Polekhina et al. , 2005 Koay et al. 2007; Bendayan et al. 2009 ). The physiological role of this remains uncertain, although one function may be to localize AMPK with downstream targets also bound to glycogen, such as glycogen synthase (Carling and Hardie 1989; Jorgensen et al. 2004) . Intriguingly, higher plants have unique genes encoding so-called ''bg subunits,'' in which a CBM appears to have become fused at the N terminus of a g subunit. They also contain genes encoding N-terminally truncated b subunits, which have the C-terminal domain involved in the interaction with the a and g subunits, but lack a CBM. However, all plant species also express more conventional b and g subunits, like those in fungi and mammals (Polge and Thomas 2007) .
The major upstream kinase phosphorylating Thr 172, and thus activating AMPK, in most mammalian cells is a complex between the tumor suppressor kinase LKB1 and two accessory subunits, STRAD and MO25 Woods et al. 2003; Shaw et al. 2004 ). Binding of AMP causes conformational changes in AMPK that promote its activation via three independent mechanisms: (1) promotion of Thr 172 phosphorylation Oakhill et al. 2010) , (2) inhibition of Thr 172 dephosphorylation (Davies et al. 1995; Suter et al. 2006; Oakhill et al. 2010) , and (3) allosteric activation of AMPK already phosphorylated on Thr 172 (Corton et al. 1995; Suter et al. 2006) . Interestingly, it has recently been reported that mechanisms 1 and 2 can be triggered by binding of ADP as well as AMP (Oakhill et al. 2011; Xiao et al. 2011) , although mechanism 3 is only observed with AMP. Sites 1 and 3 on the g subunits have rather similar affinities for free ATP, ADP, and AMP (Xiao et al. 2011) , and ATP and ADP are usually present at concentrations much higher than those of AMP, so that, under most circumstances, the kinase may be responding to fluctuations in ADP:ATP, rather than AMP:ATP as previously thought. However, under conditions of severe stress, when the levels of AMP might approach those of ADP and free ATP, the 10-fold allosteric activation caused by AMP (mechanism 3) (Suter et al. 2006) would multiply with the >200-fold activation caused by Thr 172 phosphorylation to yield >2000-fold activation overall. Thus, the mammalian kinase can respond over a wide range of cellular ADP:ATP and AMP:ATP ratios and over a very wide dynamic range.
One interesting question concerns how ADP and AMP can compete with ATP for binding to the g subunit, when total ATP concentrations are usually much higher than those of ADP and AMP. One explanation may be that the Mg.ATP 2À complex binds with a 10-fold lower affinity than free ATP 4À (Xiao et al. 2011 complex. AICAR (5-aminoimidazole-4-carboxamide ribonucleoside) is an adenosine analog that is commonly used as a pharmacological activator of AMPK in experimental studies with intact cells and in vivo. AICAR is taken up into cells by adenosine transporters (Gadalla et al. 2004 ) and converted by adenosine kinase into the monophosphorylated form, ZMP. ZMP mimics all three effects of AMP on the AMPK system, although a much less potent activator than AMP (Corton et al. 1995) .
Although it is clear that activation of the AMPK orthologs in fungi and plants requires phosphorylation of the threonine residue equivalent to Thr 172 (Estruch et al. 1992; Mackintosh et al. 1992; Wilson et al. 1996) , their regulation by adenine nucleotides is less well characterized. Although AMP activation has been reported for the orthologs from Drosophila melanogaster (Pan and Hardie 2002) and C. elegans (Apfeld et al. 2004 ), the yeast (Wilson et al. 1996) and plant (Mackintosh et al. 1992) kinases are not allosterically activated by AMP (i.e. they lack mechanism 3, above). Activation of the yeast SNF1 complex during glucose starvation does, however, correlate with large increases in cellular AMP:ATP and ADP:ATP ratios (Wilson et al. 1996) , and it seems possible that the complex might be regulated by ADP and/or AMP via mechanisms 1 and/or 2. Indeed, it has been shown that dephosphorylation and activation of a plant kinase in cell-free assays is inhibited by AMP (mechanism 2) (Sugden et al. 1999) .
Although LKB1 has to be expressed in mammalian cells for agents that increase the cellular AMP:ATP and ADP:ATP ratios to cause activation of AMPK , it is worth emphasizing that these effects are due to binding of adenine nucleotides to the g subunit of AMPK and that the LKB1 complex itself appears to be constitutively active (Sakamoto et al. 2004 ). This might initially appear surprising, but LKB1 is also required for the activity of 12 kinases of the AMPK-related kinase family in addition to AMPK, being responsible for phosphorylation of the threonine residues equivalent to Thr 172 in all of them (Lizcano et al. 2004 ). The AMPK-related kinases have quite varied functions and, unlike AMPK, most do not appear to be activated by energy stress. Thus, it would make little sense for the upstream kinase to be the primary site of regulation.
In some cell types, Thr 172 can also be phosphorylated by the Ca 2+ /calmodulin-dependent protein kinase CaMKKb, providing a Ca 2+ -activated pathway to switch on AMPK (Hawley et al. 2005; Hurley et al. 2005; Woods et al. 2005) . Activation by this mechanism can occur in the absence of any change in adenine nucleotide ratios, although increases in Ca 2+ can act synergistically with increases in AMP or ADP . This mechanism appears to be particularly important in neurones (Hawley et al. 2005) , endothelial cells (Stahmann et al. 2006) , and T lymphocytes (Tamas et al. 2006) . Since increases in cytosolic Ca 2+ tend to trigger energy-consuming processes, such as activation of motor proteins or secretion, this could be a mechanism to anticipate a demand for ATP before it has occurred.
Finally, it has been reported that Thr 172 can be phosphorylated by TAK1 (also known as MAP3K7 or MEKK7) (Momcilovic et al. 2006 ), a protein kinase downstream from cytokine receptors that is usually thought of as acting upstream of the MAP kinase (JNK) and NF-kB signaling cascades. Although this has been implicated in activation of AMPK by tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) (Herrero-Martin et al. 2009 ), the physiological significance of this mechanism remains unclear at present. The complex mechanisms regulating AMPK are summarized in Figure 1 .
Regulation of AMPK by metabolic stresses, drugs, xenobiotics, and cytokines AMPK is activated by metabolic stresses that either interfere with catabolic generation of ATP (e.g., glucose deprivation, hypoxia, ischemia, and treatment with metabolic poisons) or accelerate ATP consumption (e.g., muscle contraction), thus increasing cellular ADP:ATP and AMP:ATP ratios (Hardie 2007) . Interestingly, in cells in which AMPK activation is defective (e.g., muscle cells with a knockout of LKB1 during contraction [Sakamoto et al. 2005] or mouse hepatocytes with a double AMPK-a1/-a2 knockout treated with the metabolic poison metformin [Foretz et al. 2010] ), the increases in ADP:ATP and AMP:ATP in response to metabolic stress are much greater, indicating that AMPK is acting to preserve energy homeostasis in the wild-type cells. AMPK is also activated by numerous drugs and xenobiotics. Some of these are in clinical use for the treatment of type 2 diabetes (e.g., metformin [Zhou et al. 2001] and thiazolidinediones ), some are ''nutraceuticals'' (e.g., resveratrol from red wine [Baur et al. 2006] and epigallocatechin gallate from green tea [Hwang et al. 2007 ]), and some are plant products used in traditional herbal medicines in Europe (e.g., galegine, from which metformin was originally derived) (Mooney et al. 2008) or Asia (e.g., berberine [Lee et al. 2006] and hispidulin [Lin et al. 2010] ). One puzzling feature was how so many xenobiotics of very varied structure could all activate AMPK; it seemed unlikely that they would all bind directly to the kinase complex. Important clues came from reports that some of these compounds inhibit mitochondrial ATP synthesis by inhibiting either complex I of the respiratory chain (e.g., metformin [El-Mir et al. 2000; Owen et al. 2000] or berberine [Turner et al. 2008] ) or complex V, the ATP synthase (e.g., resveratrol) (Gledhill et al. 2007 ). Most of the natural products mentioned above are secondary metabolites of plants, and some appear to be produced as defense compounds to deter grazing by insects or herbivores (e.g., galegine, produced by Galega officinalis, a plant poisonous to herbivores) or ward off infection by pathogens (e.g., resveratrol, which is produced by grapes in response to fungal infection) (Romero-Perez et al. 2001) . Mitochondrial inhibitors might serve well as plant defense compounds, but would also be potent activators of AMPK. To test this idea, Hawley et al. (2010) constructed cell lines expressing AMPK complexes bearing either the wild-type g2 isoform or an R531G mutation that renders g2 complexes insensitive to increases in ADP and AMP. This approach confirmed that most of the AMPK-activating xenobiotics, including metformin, galegine, thiazolidinediones, resveratrol, and berberine, failed to activate the R531G mutant, showing that they worked by increasing cellular AMP and/or ADP .
In addition to its role in the regulation of energy balance in a cell-autonomous manner, AMPK is also modulated by numerous hormones and/or cytokines that regulate energy balance at the whole body level, including leptin, adiponectin, and ghrelin (Kahn et al. 2005) ; cannabinoids (Kola et al. 2006) ; and even thyroid hormones (Lopez et al. 2010 ). Many of these agents modulate AMPK in the hypothalamus. Both leptin and adiponectin (Yamauchi et al. 2002) have been reported to increase AMP levels in muscle cells, but the detailed molecular mechanisms by which these hormones and cytokines modulate AMPK remain unclear.
Recognition of substrates
AMPK has one of the most well-defined substrate recognition motifs of any protein kinase studied to date (Fig. 2) . This was elucidated using various approaches, including synthetic peptides (Weekes et al. 1993; Dale et al. 1995) , site-directed mutagenesis with an recombinant substrate (Scott et al. 2002) , and a peptide library approach (Gwinn et al. 2008) . AMPK phosphorylates sites that have at least one basic side chain (usually R, but can be K or H) either four or three residues N-terminal (designated as P-4 and P-3) with respect to the serine or threonine residue phosphorylated. It also requires hydrophobic side chains at P-5 and P+4 (usually L or M but I, V, and F are also tolerated at Figure 1 . Regulation of AMPK by phosphorylation and adenine nucleotides. AMPK is activated >200-fold by phosphorylation at Thr 172, catalyzed by three upstream kinases: (1) LKB1, which appears to be constitutively active; (2) TAK1, which is activated by cytokines (as the physiological significance of this remains uncertain, it is shown with a question mark); and (3) CaMKKb, which is activated by a rise in cytosol Ca 2+ . Phosphorylation is stimulated and dephosphorylation is inhibited by conformational changes triggered by binding of AMP or ADP to the g subunit of AMPK, both effects being antagonized by ATP. AMP binding also causes a further 10-fold allosteric activation; this effect is antagonized by both ATP and ADP. The identity of the protein phosphatase that dephosphorylates Thr 172 (PP?) remains unclear. P-5, and I, V, F, Q, or N at P+4). Structural modeling and site-directed mutagenesis have been used to pinpoint residues on the kinase domain (mainly in the large lobe) that are involved in binding these critical side chains on the substrate (Scott et al. 2002) . Hydrophobic pockets on the kinase domain accommodate the P-5 and P+4 hydrophobic side chains on the substrate, while a patch of acidic residues (E103/D100/E143 in rat a1) interacts with the P-4 and P-3 basic side chains. The same study revealed additional positive determinants that, while not present in all substrates, improve the kinetic parameters. These include a basic residue at P-6 that interacts with another acidic patch on the kinase domain (D215/D216/D217), and an amphipathic helix from P-16 to P-5 that fits into a hydrophobic groove on the large lobe of the kinase domain. This helix has repeating hydrophobic side chains every three or four residues (including that at P-5), which line the face of the helix that binds in the groove (Scott et al. 2002) . While this pattern of hydrophobic residues is difficult to discern in some substrates (and residues beyond P-7 are not even present in glycogen synthase, where the site is close to the N terminus), an amphipathic helix is present in this position in one substrate for which a crystal structure is available; i.e., HMG-CoA reductase (Istvan and Deisenhofer 2000) . The peptide library approach (Gwinn et al. 2008 ) revealed some additional determinants, such as a bias against hydrophobic residues at P-2 and a preference for polar residues (acidic or basic) at the P+3 position. In acetyl-CoA carboxylase-1 (ACC1), the P+3 position is a histidine, and it appears to interact with Asp 56 in the small lobe of the kinase domain (Scott et al. 2002) .
In one substrate (PFKFB2) (Fig. 2) , a basic-hydrophobicbasic motif N-terminal to the phosphorylated serine is found at P-5, P-4, and P-3, rather than at P-6, P-5, and P-4/ P-3 as usual. Thus, there may be some flexibility in the spacing between this motif and the phosphoamino acid. However, it is worth noting that another site that has a sequence motif similar to that on PFKFB2 (i.e., Ser 1177 on endothelial nitric oxide synthase [eNOS]), while apparently phosphorylated by AMPK in cell-free assays (Chen et al. 1999) , does not appear to be a target in intact cells (Stahmann et al. 2006 (Stahmann et al. , 2010 . There are also a few proteins that have been claimed to be direct substrates for AMPK that are even poorer fits to this consensus, including eukaryotic elongation factor-2 (eEF2) kinase (Browne et al. 2004 ), p53 (Jones et al. 2005) , and p27
Kip1 (Liang et al. 2007 ). In my opinion, it remains possible that these are indirect substrates that are phosphorylated by kinases acting downstream from AMPK (or are dephosphorylated by phosphatases inhibited by AMPK).
Regulation of metabolism
As befits its role in maintaining energy homeostasis, AMPK switches on catabolic pathways that generate ATP, while switching off anabolic pathways that consume ATP. Examples of catabolic pathways that are up-regulated include glucose uptake (via activation of both GLUT1 [Barnes et al. 2002] and GLUT4 [Holmes et al. 1999; KurthKraczek et al. 1999] ), glycolysis (via phosphorylation and activation of two of four isoforms of 6-phosphofructo-2-kinase, which synthesizes the glycolytic activator fructose-2,6-bisphosphate) (Marsin et al. 2000 (Marsin et al. , 2002 , fatty acid uptake (via translocation of the fatty acid transporter FAT/CD36) (Bonen et al. 2007) , and fatty acid oxidation (via phosphorylation of the ACC2 isoform of acetyl-CoA carboxylase, thus lowering malonyl-CoA, an inhibitor of fatty acid uptake into mitochondria [Merrill et al. 1997] ). GLUT4 is up-regulated at multiple levels, with a rapid effect via translocation of existing transporters to the plasma membrane (probably due in part to phosphorylation of the Rab-GAP protein TBC1D1 by AMPK) (Chen et al. 2008; Pehmoller et al. 2009 ) and a longer-term effect on transcription of the GLUT4 gene (probably due in part to phosphorylation of histone deacetylase-5) (McGee et al. 2008) . Another way in which AMPK up-regulates catabolism is by enhancing mitochondrial biogenesis, which is discussed in a separate section below.
AMPK activation also inhibits many anabolic pathways acutely via direct phosphorylation of key metabolic enzymes. Thus, it inhibits fatty acid synthesis by phosphor- Figure 2 . Alignment of consensus site for recognition of substrates by AMPK (Scott et al. 2002) with the sequences (from humans) of some established physiological substrates. In the consensus sequence, hydrophobic residues are represented by F and basic residues are represented by b. AMPK phosphorylates serine residues (threonine also allowed) in the context of hydrophobic residues (in bold, red) at P-5 (usually M or L, but I, V, or F also allowed) and P+4 (usually L, but I, M, F, V, Q, or N allowed), and basic residues (in bold, blue; usually R, but K or H allowed) at P-4, P-3, or both. Another basic residue at P-6 is also a positive determinant, although not essential (Scott et al. 2002) . Some substrates (e.g., ACC1) also have hydrophobic side chains at regular spacings of three to four residues (bold, red) running in an N-terminal direction from P-5, which form an amphipathic helix. This is clearly not essential, since the sequence of muscle glycogen synthase starts at P-7. Note that one substrate (PFKFB2) still has a bFb motif, but this is at P-5/P-4/P-3 rather than the more common P-6/P-5/P-4. ylation of ACC1, isoprenoid synthesis by phosphorylation of HMG-CoA reductase, triglyceride and phospholipid synthesis by inactivation of glycerol phosphate acyl transferase (although it is not clear whether this is a direct substrate), glycogen synthesis by phosphorylation of glycogen synthase, and ribosomal RNA synthesis by phosphorylation of the RNA polymerase I transcription factor TIF-1A (RRN3) (Hardie 2007; Hoppe et al. 2009 ). AMPK down-regulates expression of enzymes of fatty acid synthesis at the transcriptional level by a mechanism involving phosphorylation of the transcription factor SREBP-1c, inhibiting its proteolytic processing to the active, nuclear form (Zhou et al. 2001; Li et al. 2011) . It also represses transcription of mRNAs encoding enzymes involved in gluconeogenesis, such as glucose-6-phosphatase and phosphoenolpyruvate carboxykinase, apparently via multiple mechanisms. One involves phosphorylation of CRTC2 (a transcriptional coactivator of the cyclic AMP response element-binding protein CREB), causing its exclusion from the nucleus (Koo et al. 2005) . A second involves phosphorylation of class IIA histone deacetylases (HDAC-4, HDAC-5, and HDAC-7), once again causing their exclusion from the nucleus. When present within the nucleus, class IIA HDACs (which are catalytically inactive) recruit the active deacetylase, HDAC3, which deacetylates and activates transcription factors of the FOXO family that are required for expression of gluconeogenic genes ). Finally, a major consumer of energy in growing cells is protein synthesis, which accounts for one-third of all ATP consumption in proliferating thymocytes (Buttgereit and Brand 1995) . AMPK inhibits elongation of translation by promoting phosphorylation of eEF2 (although, as discussed above, eEF2 kinase may not be a direct target) (Horman et al. 2002; Browne et al. 2004 ). In addition, a particularly important target of AMPK is mTOR complex-1 (TORC1), which is switched off by direct phosphorylation of both its upstream regulator, TSC2 (Inoki et al. 2003) , and the TORC1 subunit Raptor (Gwinn et al. 2008) . TORC1 is stimulated by amino acids and by growth factors that activate the Akt and Raf-MEK-Erk pathways, and it promotes both the initiation and elongation of translation via phosphorylation of 4EBP1 and p70 S6 kinase (Zoncu et al. 2011 ).
Regulation of mitochondrial biogenesis, autophagy, and mitophagy
As discussed in the introductory section, the acquisition of mitochondria by primitive eukaryotic cells necessitated the development of mechanisms whereby a demand for energy in the cytoplasm could be converted into an increase in mitochondrial function, and AMPK appears to play an important role in this. Thus, chronic activation of AMPK in skeletal muscle for 4 wk, by repeated administration of AICAR to rats (Winder et al. 2000) or mice (Narkar et al. 2008) , led to the up-regulation of nuclear-encoded mitochondrial genes and, in the mouse study, improved endurance in treadmill running tests. Interestingly, the second study led to AICAR or ''any other AMPK activator'' being placed on the banned list of the World Anti-Doping Agency, the body that regulates drug abuse in sports.
How does AMPK activation up-regulate mitochondrial function? The so-called ''master regulator'' of mitochondrial biogenesis is the transcriptional coactivator PGC-1a, which promotes transcription induced by several factors involved in expression of mitochondrial genes, including PPAR-a and PPAR-d, which switch on genes required for fatty acid oxidation, and nuclear respiratory factors-1 and -2 (NRF-1/-2) (Lin et al. 2005) . One gene switched on by NRF-1/-2 is TFAM, a mitochondrial matrix protein required for the replication of mitochondrial DNA. Thus, PGC-1a promotes biogenesis of new mitochondria as well as expression of nuclear-encoded mitochondrial genes. The first evidence that AMPK up-regulated expression of PGC1a came from studies of mice expressing a dominantnegative mutant of AMPK, in which the induction of mitochondrial DNA and PGC-1a mRNA in response to the feeding of b-guanidinopropionic acid (a creatine analog that causes ATP depletion) was abolished (Zong et al. 2002) . AMPK has been reported to directly phosphorylate PGC-1a at two sites (although neither is a good fit to the AMPK recognition motif described above), and this is proposed to activate transcription of PGC-1a from its own promoter via a positive feedback loop (Jager et al. 2007 ). An alternative mechanism by which AMPK may activate PGC-1a function is by deacetylation catalyzed by the NAD + -dependent deacetylase SIRT1 (Canto et al. 2010) , although the exact mechanism by which AMPK activates SIRT1 remains uncertain.
Thus, AMPK activation promotes mitochondrial biogenesis and expression of nuclear-encoded mitochondrial genes by up-regulating PGC-1a. In addition, it now appears to play an important role in the disposal of dysfunctional mitochondria. Mitochondria are the major cellular site of production of reactive oxygen species and are therefore particularly susceptible to oxidative damage. Disposal of damaged mitochondria and recycling of their contents for reuse may be just as important in the preservation of overall cellular ATP-generating capacity as is the generation of new mitochondria.
Autophagy is the recycling of cytoplasmic components (including mitochondria, when the process is known as mitophagy) that are either dysfunctional or surplus to requirements by means of their engulfment by autophagic vacuoles that then fuse with lysosomes. Autophagy becomes particularly important during starvation of cells as a means to recycle amino acids for synthesis of critical proteins, and perhaps also to recycle cellular components for use as catabolic fuels. The complex cascade of events involved in autophagy was originally defined by genetic approaches in budding yeast, but the analogous pathways are now becoming well understood in mammals (Wang and Levine 2010) . Autophagy is switched off by TORC1, and it was originally thought that AMPK might promote autophagy through its ability to inhibit TORC1, as discussed in a previous section. However, it is now clear that AMPK has a more direct input into autophagy that probably arose at an earlier stage during eukaryotic evolution, because the SNF1 complex appears to promote autophagy in budding yeast (Wang et al. 2001) . At the top of the autophagy cascade and initiating the process are the pro-tein kinases ULK1/ULK2 (orthologs of Atg1 in yeast). It has been found that ULK1 and ULK2 form rather stable complexes with AMPK (Behrends et al. 2010) , and also that AMPK phosphorylates ULK1 at multiple sites (although the two groups identified different sites) (Egan et al. 2011; Kim et al. 2011) . In isolated mouse hepatocytes deficient in either ULK1 or AMPK, there was a marked accumulation of mitochondria, indicating a defect in mitophagy. In cells in which endogenous ULK1 was replaced by either a kinase-inactive mutant or a mutant in which the four serine residues identified as AMPK sites were mutated to alanine, large numbers of mitochondria with abnormal morphology and reduced membrane potential accumulated upon starvation (Egan et al. 2011) . Fewer of the cells also survived the stress of starvation, emphasizing the important role of mitophagy in cell function.
Regulation of cell growth and proliferation
Rapid cell growth requires the active synthesis of proteins, ribosomal RNA, and lipids, all of which are switched off by AMPK activation, as discussed above (inactivation of TORC1 being a key event causing inhibition of protein synthesis). Fatty acid synthesis is a particularly active process in proliferating cells (Metallo et al. 2009 ), and AMPK switches this off by a dual mechanism involving phosphorylation and inactivation of ACC1 ) and down-regulation of expression of ACC1, fatty acid synthase, and other lipogenic genes (Foretz et al. 1998; Leclerc et al. 1998 ). The high rate of lipid synthesis in proliferating cells helps to explain, at least in part, the well-known ''Warburg effect,'' in which much of the cellular ATP is generated by glycolysis, rather than oxidative phosphorylation. The large withdrawal of citrate from the TCA cycle for lipid synthesis means that the cycle can no longer be used as a purely catabolic pathway. Remarkably, in proliferating cells, the flux leaving the TCA cycle as citrate can be greater than the flux entering it from pyruvate, the additional flux to citrate coming from glutamine via reversal of part of the TCA cycle ( Fig. 3 ; Metallo et al. 2009 ). This anabolic use of the TCA cycle necessitates an alternative route for ATP production; i.e., glycolysis.
The processes of DNA replication that occurs in S phase of the cell cycle and of mitosis in M phase are both costly in terms of energy, and one might expect AMPK activation to halt progress through the cell cycle if cellular energy status was compromised. Indeed, activation of AMPK in cultured tumor cells was found to cause a G1-S-phase cell cycle arrest that involved up-regulation and/or stabilization of p53 and the cyclin-dependent kinase inhibitors p21
Waf1/Cip1 and p27 Kip1 (Imamura et al. 2001; Jones et al. 2005; Liang et al. 2007 ). These effects were proposed to be triggered by direct phosphorylation by AMPK of p53 at Ser 15 (p21 Waf1/Cip1 being a transcriptional target of p53) (Jones et al. 2005 ) and of p27
Kip1 at Thr 198 (Liang et al. 2007 ). However, neither of these sites is a good fit to the well-established AMPK recognition motif; the p53 site has hydrophobic residues at P-5 and P+4 but lacks the expected basic residues, while the p27 site is unusual in that Thr 198 is the last residue in the protein. Although there is no reason to doubt the findings that AMPK activation in intact cells causes phosphorylation at these sites, further work is required to confirm that that they are direct targets of AMPK.
The ability of AMPK to inhibit cell growth and proliferation is consistent with the idea that AMPK, rather than one of the other AMPK-related kinases downstream from LKB1, is responsible for the tumor suppressor effects of LKB1. Consistent with this, re-expression of LKB1 in tumor cells that have lost the upstream kinase (e.g., the G361 melanoma cell line) caused a cell cycle arrest that correlated with AMPK activation (Fogarty and Hardie 2009 ). This did not appear to be due to activation of an AMPKrelated kinase, because the same effect was produced by activation of endogenous CaMKKb using a Ca 2+ ionophore or expression of a truncated, Ca 2+ -independent mutant of CaMKKb (S Fogarty and DG Hardie, in prep.). Fogarty et al. (2010) have shown previously that while CaMKKb phosphorylates and activates AMPK, it does not activate any of the AMPK-related kinases.
Regulation of cell polarity
Embryos that lack LKB1 or AMPK exhibit similar defects in epithelial cell polarity during development in D. melanogaster and also exhibit defects in mitosis, with many cells becoming polyploid (Martin and St Johnston 2003; Lee et al. 2007 ). LKB1 appears to be necessary for the Figure 3 . Metabolism in rapidly proliferating cells as revealed by metabolic flux analysis in the lung adenocarcinoma cell line A549, grown in medium containing 25 mM glucose and 4 mM glutamine (note that A549 cells do not express LKB1, so AMPK activity would be very low) (Metallo et al. 2009 ). Numbers refer to the estimated fluxes in nanomole per minute per milligram protein. Note that the flux out of the TCA cycle into fatty acid synthesis (presumably required for synthesis of new membrane phospholipid) is greater than the flux entering the TCA cycle from pyruvate. This deficit is made up by anaplerotic flux from glutamine, with the flow from a-ketoglutarate (aKG) to citrate operating in the reverse of the usual direction of the TCA cycle. Note also the very large flux through glucose uptake, glycolysis, and lactate production. Processes currently known to be downregulated by AMPK activation are shown in red, and processes known to be up-regulated by AMPK are in green. In general, AMPK switches off anabolic (ATP-consuming) processes and switches on catabolic (ATP-producing) processes. establishment of epithelial cell polarity in the absence of starvation, while both LKB1 and AMPK are required for maintenance of cell polarity under starvation conditions (Mirouse et al. 2007) . The defects in the lkb1-null mutants could be partially rescued by overexpression of activated AMPK mutants (containing aspartate in place of the threonine equivalent to Thr 172) Mirouse et al. 2007) . Although AMPK-null mouse embryos do not die at such an early stage of development as in Drosophila and do not seem to have similar defects in cell polarity, there is nevertheless evidence that the LKB1-AMPK pathway is involved in the maintenance of epithelial cell polarity in mammals. Experiments have been carried out in intestinal epithelial cancer (LS174T) cells (which lack LKB1 and exhibit no cell polarity) by re-expressing LKB1 and its regulatory subunit, STRAD, the latter via a tetracyclineinducible promoter. When STRAD expression was induced using tetracycline to activate LKB1, a rapid remodeling of the actin cytoskeleton and the formation of an apical brush border membrane was evident, even in the absence of cell:cell contacts (Baas et al. 2004) . Remarkably, very similar responses were observed in LS174T cells when AMPK was activated using 2-deoxyglucose, an inhibitor of glycolysis ). Finally, in Madin Darby canine kidney (MDCK) epithelial cells, which form polarized monolayers with tight junctions between cells, the removal of Ca 2+ from the medium results in a loss of polarity and of tight junctions, while the re-addition of Ca 2+ restores both, concomitant with activation of AMPK. Restoration of polarity and tight junctions is promoted by treatment with the AMPK activator AICAR, while it is blocked by expression of a dominant-negative AMPK mutant, showing that AMPK is required (Zhang et al. 2006; Zheng and Cantley 2007) .
Since establishment and maintenance of cell polarity is an energy-requiring process, it might seem counterintuitive that it should be promoted by AMPK, a kinase that is activated by energy deficit. Possibly, the maintenance of epithelial barriers is so crucial to survival in multicellular organisms that it must be preserved even during periods of energetic stress, so that AMPK is helping to divert the limited amount of ATP that might remain to this crucial task. Another more speculative suggestion is that, since AMPK is a sensor of carbon nutrients in unicellular eukaryotes, primitive multicellular eukaryotes might have used the sensing of such nutrients to allow them to distinguish the outside of the organism from the inside and thus establish polarized epithelial barriers with the correct orientation.
Role of AMPK in cancer and viral infection
The discovery that LKB1 was the major upstream kinase required for activation of AMP in response to metabolic stress Woods et al. 2003) introduced for the first time a link between AMPK and cancer. LKB1 had been originally identified as the tumor suppressor responsible for an inherited susceptibility to cancer, PeutzJeghers syndrome (Hemminki et al. 1998; Jenne et al. 1998) . Humans with Peutz-Jeghers syndrome are heterozygous for loss-of-function mutations in the LKB1 gene (STK11). Their main clinical problem is the frequent formation of benign intestinal polyps, which appear to be caused by haploinsufficiency, although they also have a greatly increased risk of malignant cancers at other sites, which are likely due to either a mutation in the second copy of STK11 or loss of heterozygosity. As expected for a tumor suppressor, the STK11 gene is also frequently mutated in spontaneous cancers, including ;30% of non-small-cell lung cancers (Sanchez-Cespedes et al. 2002; Ji et al. 2007 ) and 20% of cervical cancers, including the cervical cancer in the patient Henrietta Lacks that gave rise to the HeLa cell line (Wingo et al. 2009 ).
Does activation of AMPK explain the tumor suppressor effects of LKB1? Although there is no formal genetic proof of this as yet, it does seem likely to be the case, because of the 14 protein kinases known to be downstream from LKB1 (the a1 and a2 isoforms of AMPK, and the 12 AMPK-related kinases), AMPK is the only one known to cause inhibition of biosynthesis and cell growth, and cell cycle arrest. When the link between LKB1 and AMPK was found, the question of whether the AMPK-activating drug metformin might protect against development of cancer was investigated. It was found that diabetics that had been treated with metformin had a significantly lower incidence of cancer than those on other treatments (Evans et al. 2005) . Although this result was obtained by retrospective analysis and was not a controlled trial, the finding has been reproduced in several other diabetic populations, and prospective trials are now under way. At present, there are two ways to explain these results: (1) Metformin inhibits glucose production by the liver (possibly in part by activating AMPK). The consequent lowering of plasma glucose and insulin (and perhaps IGF1) changes the nutritional and hormonal environment of incipient tumors, thus opposing tumorigenesis indirectly. (2) Metformin activates AMPK directly in the incipient tumors, exerting a cytostatic effect. These two hypotheses, which are not necessarily mutually exclusive, cannot yet be distinguished from results with humans. However, treatment of a tumor-prone mouse model with three different activators of AMPK-i.e., metformin, phenformin (a more potent sister drug to metformin), or A-769662 (a direct activator of AMPK developed by Abbot) (Cool et al. 2006 )-significantly delayed tumor development (Huang et al. 2008) . The mice used in these experiments were not diabetic or insulin-resistant, so it seems unlikely that the drugs were acting via indirect effects on the liver. Moreover, since metformin/phenformin and A-769662 activate AMPK by different mechanisms , it seems unlikely that the observed delays in tumorigenesis (Huang et al. 2008) were ''off-target,'' AMPK-independent effects.
Although there is therefore evidence that AMPK might provide protection against the development of tumors, as with any genuine tumor suppressor there is likely to be selection for loss of AMPK function in established tumors. Indeed, in a study of breast cancer, using immunohistochemistry with phospho-specific antibodies against Thr 172 on AMPK and Ser 80 on ACC1 (a well-established AMPK target), it was shown that AMPK activation ap-peared to be down-regulated (in the tumor compared with normal epithelium) in 90% of 350 cases. The mechanism underlying this down-regulation in breast cancer remains uncertain, but one simple explanation would be the loss of LKB1, which would prevent AMPK activation in response to metabolic stress . As already mentioned, the genetic loss of LKB1 occurs in a significant proportion of lung and cervical cancers. Another mechanism for down-regulation of AMPK has been suggested in skin cancer cells (Zheng et al. 2009) . A single point mutation in the proto-oncogene B-Raf (V600E, causing constitutive activation) occurs in up to half of all malignant melanomas. In melanoma cell lines carrying this mutation, LKB1 was found to be phosphorylated at two C-terminal sites by kinases acting downstream from B-Raf, and it was proposed that this interferes with the ability of LKB1 to phosphorylate and activate AMPK (Zheng et al. 2009 ).
Another mechanism is suggested by previous findings that phosphorylation of the a1 subunit of AMPK at Ser 485 (equivalent to Ser 491 on a2) by Akt (protein kinase B) inhibits the subsequent phosphorylation at Thr 172-and consequent activation-by LKB1 (Horman et al. 2006) . Akt is activated in many tumor cells due to either activating mutations in phosphatidylinositol (PI) 3-kinase (which generates PI-3,4,5-trisphosphate [PIP 3 ], the activating signal for Akt) or loss of the lipid phosphatase PTEN (which breaks down PIP 3 ). Phosphorylation of Ser 485 would down-regulate AMPK in tumors containing hyperactivated Akt. Interestingly, this mechanism has been demonstrated to operate in human hepatoma cells infected with hepatitis C virus (HCV) (Mankouri et al. 2010) . Tumorigenesis and viral infection bear certain analogies: In both cases, abnormal genes (activation of an oncogene or loss of a tumor suppressor in the first, insertion of the viral genome in the second) have taken over normal cellular functions and switched the cell from a quiescent state to one where there is active biosynthesis. The RNA genome of HCV encodes 10 viral proteins made by cleavage of a single polyprotein, and the virus also has a lipid envelope. Thus, replication of the virus in liver cells will require rapid protein and lipid synthesis and increase ATP turnover, which would be expected to activate AMPK (which would in turn down-regulate protein and lipid synthesis). However, when HCV-infected cells were studied, it was found that phosphorylation of AMPK at Thr 172 was reduced compared with uninfected controls. It was already known that one of the viral proteins (NS5A) binds and activates PI 3-kinase, thus switching on the Akt pathway (Street et al. 2004 ). Activation of Akt in virally infected cells was associated with phosphorylation of AMPK-a1 at the Akt site, Ser 485 (Mankouri et al. 2010) . To confirm that this was responsible for the down-regulation of Thr 172 phosphorylation by the virus, the host cells were transiently transfected using DNAs encoding either wild-type a1, a potentially phospho-mimetic S485D mutant, or a nonphosphorylatable S485A mutant. Only in cells expressing the S485A mutant did the virus fail to replicate, suggesting that phosphorylation of Ser 485 on AMPK-a1 is necessary for viral replication. Interestingly, it was also found that this mechanism for down-regulating AMPK could be overcome by treating cells with metformin (Mankouri et al. 2010) . This not only suggests that metformin could be a new treatment for chronic HCV infection, but also gives hope that metformin could be used to reverse AMPK down-regulation in tumors in which Akt is hyperactivated. Another intriguing feature of these results is that two of the complications of chronic HCV infection in humans are known to be hepatic steatosis (fatty liver) and hepatocellular carcinoma. Both might be expected to occur in cells in which AMPK was down-regulated, since AMPK switches off fatty acid and triglyceride synthesis, while, as discussed above, down-regulation of AMPK may be a prerequisite for rapid tumor growth.
Conclusions and perspectives
AMPK is a critical sensor of cellular energy in almost all eukaryotes. It appears to have arisen very early during eukaryotic evolution, where its ancestral role may have been in the response to starvation for the preferred carbon source. Although the classical allosteric activation of mammalian AMPK is only caused by AMP, it has recently been shown that ADP, as well as AMP, promotes activation by enhancing the phosphorylation of Thr 172, probably by both promoting phosphorylation and inhibiting dephosphorylation. This complex mechanism by which mammalian AMPK is regulated by increases in cellular ADP:ATP and AMP:ATP ratios means that it can respond in a dynamic, graduated manner over a very wide range of energy deficits. Although it is best known for its effects on metabolism, it is now clear that AMPK regulates almost all aspects of cellular function, including autophagy and maintenance of mitochondrial homeostasis, cell polarity, and cell growth and proliferation. Both tumor cells and viruses appear to have developed mechanisms to downregulate AMPK and thus escape from its restraining influences on growth and biosynthesis.
